Machaerium scleroxylon (morado) is an important timber species from the lowland tropical dry forests in Bolivia. We followed a dendrochronological approach to (i) evaluate the responses of radial growth to climatic variables and atmospheric circulation patterns, and (ii) quantify the growth rate in order to estimate the Minimum Logging Diameter (MLD), age, and optimal cutting rotation. We measured tree-ring width in wood discs taken from ten randomly selected mature individuals. We used previous histological analyses to distinguish and visually crossdate tree rings. Despite the existence of false rings, lenses and wedging rings, the species showed defined annual ring boundaries, thus enabling a tree-ring chronology analysis. Correlations between residual ring-width indices and monthly climatic variables (temperature and rainfall) and atmospheric circulation patterns (El Niñ o-Southern Oscillation) index were calculated. Growth showed a significant positive correlation with monthly rainfall and a negative correlation with mean temperature during the late rainy season (i.e. from December up to March). A positive correlation found between the ring width and ENSO indices indicates that the growth of M. scleroxylon was significantly affected by atmospheric circulation patterns. Growth rate is slow in morado, suggesting a MLD of 50 cm and an optimal cutting cycle longer than 40 years depending on each site.
INTRODUCTION
Historical management in tropical forests has shown a general trend towards the adoption of polycyclic selective logging systems. In such systems, harvesting operations are the first and most important silvicultural treatment applied. For this reason, special attention has been given on how to improve harvesting operations for commercial species, mainly based on the Minimum Logging Diameter (MLD; García-Fernán-dez et al. 2007) . Unfortunately, MLD values adopted in Bolivian forestry law are based on arbitrary assumptions of growth rather than profound ecological knowledge. However, understanding the ecological dynamics of the target species is essential to establish truly sustainable management policies in tropical forests.
Tropical dry forests in the lowlands of Bolivia, also known as Chiquitano forest, are among the most diverse in the world (Parker et al. 1993) and occupy an area of approximately 20 million hectares. Forests in Chiquitanía have very low diameter growth rates, with an overall average of 0.173 cm year 21 , ranging from 0.143 cm year 21 to 0.211 cm year 21 (Dauber et al. 2003) . These forests are fragile because of slow regeneration capacity under drought conditions, the continuing threat of deforestation, and human-made fires that eliminate forest cover for agriculture and livestock (Uslar et al. 2003) . The high vulnerability of tropical dry forest to weather and climate hazards, associated with the history of forestry, make this one of the regions where potential changes in the hydrological cycle caused by global warming could lead to extreme impacts on ecosystems (Toledo et al. 2011) . The behavior of Bolivian forests under climate change conditions can be understood from the study of tree rings. This type of study contributes to closing information gaps about the behavior of forest species and reconstructing historical growth patterns during the entire life of trees (Brienen 2005; Ferrero and Villalba 2009) . Similarly, tree-ring characteristics (width and density) reveal details of the natural history of an individual and its ecosystem (Jagels et al. 1994; Pumijumnong and Park 1999) . For example, diseases attacks, pests, prolonged drought stress, and damage by fire can be detailed in ring characteristics (Shortle et al. 1995; Weber 1997) .
Previous tree-ring studies have been used to analyze the growth dynamics in tropical forests (Worbes 1992; Pumijumnong and Park 1999; Tomazello and da Silva Cardoso 1999) , construct tree-ring chronologies in young individuals (SolizGamboa et al. 2011) , and evaluate growth patterns related to variation in age (Brienen and Zuidema 2006a; Rozendaal 2010) . Tree rings have also supported the determination of MLD (Brienen and Zuidema 2006b; Rozendaal 2010; López et al. 2013) and climate-related growth of several species (Wimmer 2002; Brienen and Zuidema 2005; Ferrero and Villalba 2009; Ló pez and Villalba 2011) .
Dendrochronology can aid in modeling growth to predict the availability and potential of each species in a future climate scenario and secondary effects on forest management. The phases of growth and relative inactivity in many plants are closely related to environmental factors, e.g. water availability effect on the seasonal cambial activity (Borchert 1994) . Thus, knowledge of the relationship between environmental variables and tree growth is important in predicting future growth responses to climatic variation (Pumijumnong 1999) and to long-term phenomena such as El Niñ o Southern Oscillation (ENSO) (Cook 1992) . Such knowledge will be useful in understanding the behavior of fragile Bolivian ecosystems in a context of global climate change, which can provide guidelines to a suitable forest management (Stahle et al. 1999; Brienen and Zuidema 2005) .
Previous studies in species such as Bertholletia excelsa, Cedrelinga catenaeformis, Centrolobium microchaete, Tachigali vaquezii and Peltogine cf. heterophylla (Brienen and Zuidema 2006a, 2006b ; Ló pez and Villalba 2011) have shown the dendroclimatic potential of several tree species in Bolivia, illustrating that these species develop visible annual rings (Brienen and Zuidema 2005) . It is important to study other useful unexplored species such as Machaerium scleroxylon (hereafter referred to as morado), whose population has declined considerably in recent years. In Bolivia, species considered valuable in the main trade group, including morado (Justiniano and Fredericksen 1998) , are scarce, with values of basal area and volumes that remain low and often absent in diameter classes above the MLD established in 1996 by the Bolivian Forestry Law No. 1700.
The present study had the following objectives: (i) to develop the first chronology from M. scleroxylon, one of the most valuable and fragile timber species from the Chiquitano forest in Santa Cruz de la Sierra, Bolivia, (ii) to quantify the changes in recent radial growth in response to climatic variables such as rainfall, temperature and atmospheric circulation patterns (El Niño-Southern Oscillation), and (iii) estimate growth rate, MLD and optimal cutting rotation based on age and cumulative ring-width data as input for decision-making to improve forestry and sustainable use of the species. Dendrochronological methods were used to evaluate the response of morado growth to climate and its management implications.
MATERIALS AND METHODS

Study Site and Climate Data
The study site is located in the southeastern part of Santa Cruz, Bolivia. This area belongs to the Brazilian-Paranense region of Western Cerrado Biogeographic Province and is covered by semideciduous Chiquitano forest, usually rich in lianas. The canopy is 16 to 22 m high on average, with Amburana cearensis, Machaerium scleroxylon, Anadenanthera colubrina, Schinopsis brasiliensis, Acosmium cardenasii and Astronium urundeuva as representative species of the Chiquitano forest (Navarro 2011) .
The climate in this area is warm (infratropical) to hot tropical (thermo). Annual rainfall ranges from 651 to 2029 mm, and it is mainly concentrated from November to April and with low rainfall from May to October. Annual averaged temperatures range from 12.8uC to 39.5uC (Navarro 2011) . The nearest weather station is located in Roboré (18u199S, 59u469W, altitude 277 m) (Figure 1 ). It is approximately 75 km from the study site and belongs to the Bolivian National Service of Meteorology and Hydrology (SENAMHI). We used climate data for two purposes: to quantify changes in climatic trends in the study area during the available time span, and to assess climate-growth relationships. The climate data set used for the study contained rainfall records from 1942 to 2010 and temperature from 1978 to 2010. We calculated annual rainfall and temperature starting from October of the previous year (i.e. the beginning of the rainy season and flowering of morado) until September of the current year.
In addition, the study explored correlations of the response of growth ring widths to the ENSO signal, defined by the Southern Oscillation Index (SOI; Ropelewski and Jones 1987) time-series of these indices were obtained from the NOAA Climate Prediction Centre (http://www. cpc.ncep.noaa.gov/data/indices/index.html).
Tree Species
Machaerium scleroxylon (Fabaceae) is considered the most important logging species in the Chiquitano forest (Killeen et al. 1993) . Dauber et al. (2003) found that this species has an overall average diameter increment of 0.237 cm year 21 . It is a semi-deciduous and partially shade tolerant species common in the dry forest of the Great Chiquitanía. It flowers from November to December and its seeds are wind-dispersed between June and August (Justiniano and Fredericksen 2000; Mostacedo et al. 2003) . Morado is light demanding during its early years, but is more shade tolerant than pioneer species such as Centrolobium microchaete, Anadenanthera macrocarpa and others. Morado thrives in various soil conditions such as stony ground and slopes with rapid drainage (Lorenzi 1992 ). The sapwood is yellowish white, distinct from the black purple color of the heartwood. Its timber is considered of high density with ranges from 0.85 to 0.95 g cm
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(Nisgoski 1999; Gutiérrez and Silva 2002; Roque et al. 2007 ).
Field Sampling and Histological Analysis
Several factors make it difficult to obtain samples for tree-ring analysis using traditional dendrochronological techniques in the dry tropics of South America (Ló pez 2003). Cross-sections of trees provide a larger field of observation, as it is much easier to delimit the annual growth increments in such samples than in cores. Based on these considerations, we collected ten wood discs (DBH range 13.5-53.4 cm) from the area of the logging company Sutó Ltd. (18u459S, 59u409W) between the towns of Roboré and Santa Ana de Chiquitos (Figure 1 ). It was not feasible to sample a large number of trees, as is commonly done in dendrochronological studies (Fritts 1976) , because of the limitations related to the activities of the logging company. The samples were taken at breast height (1.30 m) from randomly distributed trees of different diameters with dominant and/or co-dominant height in the forest canopy during harvesting activities.
There is little available information about the yearly phenology of morado. Therefore, according to the literature on others species (Wimmer 2002; Brienen and Zuidema 2005; Ferrero and Villalba 2009; Ló pez and Villalba 2011; Ló pez et al. 2013 ), prior to tree-ring identification, histological analysis of the samples was performed to identify the boundaries of the rings to facilitate identification with the naked eye ( Figure 3A) . The reagents used for staining tissues of anatomical slices for the analysis of tree rings were ethyl alcohol, sodium hypochlorite, astra blue, and safranin. Further, for the identification of tree rings in the heartwood and because of the wood's grain characteristics, after sanding, the sample discs were immersed in sodium hypochlorite for 12 hours ( Figure 3B ) to improve the transverse visibility of tree rings located in the heartwood.
Dendrochronological Data Analysis
Cross-sections were air dried and carefully polished with progressively finer sandpapers until tree rings were clearly visible. After this, we selected 3 radii on each discs using a stereomicroscope. This approach was taken because of the difficulty in identifying wedging of rings with the naked eye. Similarly, areas with reduced visibility of tree rings were moistened with water. Once tree rings were identified and dated, wedging and false rings were identified and analyzed by checking their length and characteristics in the entire contour of the discs ( Figure 3C ). For crossdating purposes, each annual tree ring was assigned to the year in which the growth season started (from October of the current year to September of the following year; Schulman 1956 ).
After the identification process, the last 68 rings of each radius were crossdated. Because of the difficulty in ring identification and pith rot, dating complete sections of discs from bark to pith was not possible. Ring widths were then measured using the LINTAB-TSAP TM measuring device (Rinntech, Heidelberg, Germany) with a 0.01 mm resolution. Also, dating and measurements were revised with WinDendro TM (Regents Instruments, Canada) with a 0.001 mm resolution.
The software COFECHA (Holmes 1983 ) was used to statistically check errors in visual crossdating and to obtain a synchronized master chronology. For each tree, the series of raw data were detrended and standardized using ARSTAN software (Cook and Holmes 1986) . This was done in order to remove biological and geometrical trends (age and size related growth trends). A cubic smoothing spline was used with a 50% frequency response cutoff of 25 years to maintain the high-to-medium frequency response to climatic variability (Cook and Peters 1981) . Autoregressive modeling was performed on each detrended ringwidth series to remove most of the first-order autocorrelation, and the prewhitened series were finally averaged using a biweight robust mean to obtain residual chronology, which was used to assess growth-climate relationships (Monserud 1986) . In order to assess the quality of tree-ring width series, dendrochronological statistics were calculated considering the common 1942-2009 interval (Fritts 1976) . For each chronology, we computed (a) the first-order autocorrelation of raw tree-ring width data, a measure of the year-toyear growth similarity (AR1), (b) the mean sensitivity of residual chronologies, which measures the year-to-year variability in width of consecutive rings (MS), (c) the mean betweentrees correlation, which quantifies the similarity in residual width indices among trees (rbt), and (d) the percentage of variance explained by the first principal component, which is an estimate of the common variability in growth indices among all trees (PC1). The chronology segment with Expressed Population Signal (EPS) values higher than 0.85 was regarded as reliable and used in further climate-growth analyses, where EPS is a measure of the statistical quality of the mean site chronology as compared with a perfect infinitely replicated chronology (Wigley et al. 1984) .
Minimum Logging Diameter (MLD) Estimation
In order to assess the cumulative growth in the basal area and to remove the trend of decreasing ring width with increasing tree size, we converted radial increment into Basal Area Increment (BAI) for all the trees using the following formula:
where R is the radius of the tree and t is the year of tree-ring formation. In wood discs without pith, we estimated the missing rings using a geometrical method and taking into account the mean growth rate of the innermost rings dated in samples with pith. Based on the radial increments and BAI results, we estimated the MLD presented by tree cumulative DBH curves and the physiological age for each sampled tree (Ló pez et al. 2013) . The purpose of this analysis was not to date each growth ring accurately but to cumulate ring-width data, beginning with the pith ring and ending with last complete ring formed before bark. The relationship between age and cumulative diameter for sampled trees was calculated from the three measured radii per tree, which were first doubled to estimate diameter. Such diameter increments were then cumulated from the pith to the bark ring (Stahle et al. 1999; Schö ngart et al. 2007) . In cases where the available cross-section did not extend to the pith, the true position of the pith ring and the width of the first growth rings had to be estimated from the curvature and growth rate of the innermost rings dated in samples with pith. The relation between cumulative diameter and age was adapted to sigmoidal regression model.
Radial Growth-Climate Relationship
To determine the influence of local and regional climatic variables (atmospheric circulation patterns and climatic variables, rainfall and temperature) in morado radial growth, we related the tree-ring width residual indexed chronology to monthly climate data. The relationships between interannual variations in morado growth index and climate were established using Pearson correlation coefficients and response functions (Fritts 1976; Holmes 1999) . Response function coefficients were based on bootstrapped stepwise multiple regressions computed on the principal components of climatic variables (Fritts 1976) using the DendroClim 2002' software (Biondi and Waikul 2004) . The significance of correlations was evaluated at 95% confidence limits by establishing comparisons with bootstrapped regression coefficients. This method correlates variations in the tree-ring chronology with sequential monthly temperature and rainfall records. Considering that tree growth might be influenced by climate conditions during both current and previous years, this analysis includes climate variables for the current and previous year of tree-ring formation (Vaganov et al. 2006 ). Based on previous dendrochronological studies (Ferrero and Villalba 2009 ), growth index was compared with monthly climate series of temperatures and rainfall from January of the previous growing season to December of the year of tree-ring formation for the 1978-2009 period of common climatic data.
We used monthly values for ENSO and SOI indices to determine their associations with treering width indices and the influences on cumulative growth. We analyzed the correlation patterns between the growth index and monthly El Niñ oSouthern Oscillation (ENSO) indices using two different regions in the Pacific Ocean: El Niñ o 1.2 and El Niñ o 3.4, and monthly values of the Southern Oscillation Index (SOI) for the 1978-2009 period.
RESULTS
Climate Trends
The climatic characteristics of the study area are presented in ombrothermic diagrams (Figure 2) prepared from the Roboré weather station with SENAMHI data for periods 1980-1995 and 1996-2009 . It should be noted that the decrease in precipitation amount during the growing season was more intense in the latter period (F 5 3.85, P , 0.05). Over the last 14 years (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) , the dry season has increased significantly in length (from June-August to June-September) whereas the rainy season has become shorter (from October-March to November-March) and rainfall in June has decreased. Moreover, there are slight fluctuations in temperature in Roboré, and the period of high temperatures coincides with the November to March rainy season.
There was high variability of rainfall during the period 1942-2009. There were also extreme years, with the highest rainfall recorded in 1978 and the driest period recorded in 2009. Rainfall showed a slight overall decline in the last decade, whereas the temperature increased between 1uC to 2uC from the mean in the period 1978-2009. Furthermore, we found a negative relationship between annual rainfall and mean annual temperature (Figure 2 ). Spring and summer rainfall values greatly influence the annual mean estimations. Although there was greater data stability in annual average temperatures during summer, maximum and minimum temperatures values showed major fluctuations during spring and autumn.
Chronology
Based on anatomical analysis and local climatic conditions (most species have growth and leaf fall when wet and dry periods, respectively, are present during each year), the wood structure of M. scleroxylon was characterized by tree rings defined by marginal parenchyma fine lines and diffuse pores ( Figure 3A and C) . Furthermore, lenses and false and wedging rings were identified, generally located where deformation occurred or where the discs did not have a circular shape.
We analyzed a total of 30 radii, corresponding to 10 cross-sections of M. scleroxylon composed of 3 radii each. These radii covered the period 1913-2009, although for the present dendroclimatic study we worked from 1942 because of the availability of climate data and the difficulty in dating the rings before that year. Thus, we analyzed a total of 68 years of data.
The mean tree-ring width for the common period 1942-2009 was 1.43 mm. The first-order autocorrelation (AR1) of the tree-ring width series was 0.25, suggesting a low year-to-year persistence in growth, whereas the mean sensitivity (MS) was 0.67, indicating a higher inter-annual variability of radial growth (Table 1 ). The mean correlation between trees (rbt) was 0.47 and the Expressed Population Signal (EPS) was higher than 0.85 in the period 1942-2009, which show high growth consistency among trees, and that the number of samples collected and radii measured adequately represented the tree growth variability in the study area (Table 1) .
We found a variation in growth, which suggested the existence of three significant stages or periods : 1942 : -1966 : , 1967 : -1982 : and 1983 . During the period 1966-1988, growth increased and decreased by more than 1 mm. The difference was more distinct for the period 1978-1982. The greatest growth took place during 1978.
We observed a direct relationship between water availability and growth in morado ( Figure 4B ), with good synchrony between growth reductions and documented drought events in the study sites in 1954, 1977, 1983, 1995, 2000 and 2007 . Similarly, positive growth coincided with observed wet years in 1951 , 1963 , 1978 , 2004 . These positive growth levels mainly coincided with rainfall in December, January and February.
Minimum Logging Diameter (MLD) Estimation
The accumulated growth and Basal Area Increment showed an almost constant slope during the period 1940-1970, followed by relatively high growth, and finally a slight decrease starting from 1996 ( Figure 4C ). The Basal Area Increment showed a trend toward higher growth, which may indicate that the species has not reached its optimum production shift and requires a cutting cycle over 40 years, because the trend based on the adjusted sigmoidal regression equation remains positive after 140 years.
The average DBH of the morado population was 39 cm, with 6 individuals exceeding the MLD of 40 cm established by the Bolivian Forestry Law No. 1700 (Table 1 ). The greatest contribution to total basal area was found at a DBH around 50 cm. Estimated tree age of morado varied between 77 and 193 years ( Figure 4D ). The relationship between tree age and DBH of morado is statistically significant (R 2 5 0.98, P , 0.001), allowing the modeling of cumulative diameter growth curves described by a sigmoidal regression model where y is the cumulative diameter (cm) and x the tree age in years ( Figure 4D ). After 140 years, an average tree reaches approximately 50 cm of DBH. From the mean diameter growth curve we derived the current and mean diameter increment. Trees reach their maximum current diameter increments at an age of 70-86 years, with a rate averaging 0.83 cm year 21 , although the highest increment rate observed exceeded 1.49 cm year 21 .
Climate-Growth Relationship
We found a significant correlation between growth and rainfall during previous January (r 5 0.32), and non-significant but high correlation with previous September (r 5 0.24) and the current January (r 5 0.29) for the period 1978-2009. This was consistent with the rainy season, which provided support for a strong relationship between morado growth and late spring-summer rainfall in the semi-arid region of Chiquitanía. We found negative correlations with both mean and minimum temperatures in current February (r 5 20.30, r 5 20.31, respectively) and March (r 5 20.26, r 5 20.33, respectively). Maximum temperatures showed a significant positive correlation with previous February (r 5 0.27) and the current June (r 5 0.26), and significant negative correlation with the current October (r 5 20.27) for the common period 1978-2009 ( Figure 5 ). Above-average temperatures in spring and summer seem to have increased water deficit, reducing tree growth.
The chronology of M. scleroxylon showed a positive correlation with El Niñ o-Southern Oscillation (ENSO) (Figure 6 ). Specifically, the chronology response to SOI indices was generally positive throughout the growing season, showing the highest correlation in previous July (r 5 0.43) ( Figure 6A ). In contrast, the response to El Niñ o 3.4 and El Niño 1.2 regions for the ENSO in the Pacific Ocean was negative overall. El Niño 3.4 showed a significant negative correlation at the end of the growing season during the previous July (r 5 20.27) and a significant positive correlation during current September (r 5 0.33). El Niño 1.2 showed extreme negative values during October (r 5 20.31) and April (r 5 20.27) of the growing season ( Figure 6B and C) . Additionally, if we compare the behavior of SOI with the rainfall and growth shown in Figure 2 and Figure 4 , respectively, El Niño affects the growth of the species in 1951-1952, 1963-1964, 1977-1978, 1986-1988, 2004-2005 and 2006-2007 when the thickness of the rings was greater than in other years. Similarly, reduced growth in years 1954-1956, 1964-1965, 1989-1990, 1999-2000 and 2007-2008 remarkably corresponds to La Niña (Figure 4) . This behavior could be also explained for the relation between SOI and winter rainfall (dry season). 
DISCUSSION
Tree rings of M. scleroxylon (morado) have fine marginal parenchyma lines, which facilitated the identification of their boundaries although this species forms hardly distinguishable tree rings (Roig 2000) . During the analysis of morado tree rings, we found lenses and false rings. Lenses are known as growth in certain sectors of the circumference of a tree caused by stimulus in cambial activity and/or vascular growth during the annual cycle (Villalba 1997; Ló pez 2003) . We also found a high occurrence of wedging rings, which hampered the identification and measurement of tree rings (Ló pez 2003) . The wedging rings were found in places of buttress formation on the trunk. Still, there was a significant correlation among the radii of a single tree but not between different trees; therefore we used three radii to reflect the geometry in each of them. Morado is considered of semideciduous habit, and because the existence of annual rings is more common in deciduous species than those in semideciduous or evergreen species (Borchert 1999; Worbes 1999) , the intermediate characteristic that morado presented, both in dominance in the forest and abscission of leaves, may have affected the formation and growth of tree rings and consequently the correlation between them and climate during some periods.
We developed the first tree-ring chronology of morado, an important timber species from the lowland tropical dry forests in Bolivia. According to our results, morado tree rings are annual in nature. Statistics commonly used in tree-ring studies show a strong common signal between the individual series of the chronology. Additionally, analysis revealed the approximate age of M. scleroxylon trees, which mostly comprised 30%-70% of the dated radii from bark to pith. Thus, this species may have a long lifespan, with approximately 140 years at 50 cm of DBH, which suggests the possibility of constructing longer series and chronologies.
Our results agree with previous dendroecological research on Bolivian forests (Ló pez and Villalba 2011; Ló pez et al. 2013). We found a close relationship between interannual variations in tree growth and local-regional climate. The water availability effect on the seasonal development of apical growth/leaf, flowering and cambial activity (Borchert 1994) , driven by alternating periods of dry and rainy seasons in deciduous tree species, is an important factor for the formation of marginal parenchyma bands that delimit the growth rings in this species. Unfavorable climate conditions result in partial cambial activity and growth (Kozlowski 1971) and even complete cambial dormancy, especially when there are dry periods of at least two months with rainfall below 50 mm (Worbes 1999) . The seasonality in rainfall delimits ring growth (Eckstein et al. 1981; Jacoby 1989) .
In the studied area, temperature rose and precipitation decreased, particularly in the growing seasons, during the second half of the 20 th Century, showing a trend towards aridification since the 1970s as observed in other forested sites in Bolivia (Brienen and Zuidema 2006a; Ló pez and Villalba 2011) . Over the last decade, it has been widely observed that tree rings are formed annually in tropical forest with rainfall seasonality (Stahle et al. 1999; Worbes 1999 Worbes , 2002 Dunisch et al. 2002; Fichtler et al. 2003; Brienen and Zuidema 2005; Ferrero and Villalba 2009 ). We propose that morado has annual ring formation based in the tree-ring structure described, considering marginal parenchyma as the main trait to define ring boundaries. The high correlation values obtained between growth and annual climatic parameters strongly supports our hypothesis (see Figure 4B and 5). The negative correlation of growthtemperature when growth is positively correlated to rainfall appears to be related to the seasonal rainfall distribution and to morado phenology. We also found that the dry season has apparently become longer and more intense over the last 14 years in Roboré (Figure 2) , and it is related to changes in El Niñ o-Southern Oscillation (Figure 3 ).
We found a high correlation between morado radial growth and rainfall during December, January and February, corresponding to the rainy season. Soriano (2005) also found a high positive correlation between rainfall and reproductive period in M. scleroxylon, confirming the relationship between diameter growth and rainfall during the current and previous year of tree-ring formation found in this study ( Figure 5 ). In contrast, we found a negative correlation between growth and temperature during the growing season, thus demonstrating the connection to radial growth. Interannual variation in tree growth is directly related to water supply (i.e. the balance between rainfall and evapotranspiration, which in turn is largely regulated by temperature) (Ló pez and Villalba 2011).
High summer temperatures inhibit tree growth because of water deficit (Ferrero and Villalba 2009 ), as water resources act as a limiting factor of growth (Borchert 1994 (Borchert , 1999 Toledo et al. 2011) . Our results are consistent with those found in Centrolobium microchaete (Ló pez and Villalba 2011) in which growth appears to be favored by abundant rainfall in combination with lower-than-average temperatures during late spring and early summer. Also, Swietenia macrophylla in the Amazon has shown a strong correlation between changes in rainfall and growth from November to January .
The results of this study, through analysis of tree-ring growth and climatic fluctuations, show the effect of ENSO on the local climate, which in turn influences the annual growth variability of the species expressed in their diametric development. Therefore, we obtained a high correlation between SOI events and M. scleroxylon chronology. SOI fluctuations appear to have great influence in the growing season of this species and the dry periods of our study area, showing a negative correlation with El Niñ o 3.4 and El Niñ o 1.2 (negative phase of SOI) at the end of the growing season. In a broader context, we observe the effect of El Niñ o on regional rainfall behavior (with high rainfall events including flooding in the study area) and in morado growth during specific years 1951-1952, 1963-1964, 1977-1978, 1986-1988, 2004-2005 and 2006-2007 , and the effect of La Niñ a during the very dry years 1954-1956, 1964-1965, 1989-1990, 1999-2000 and 2007-2008. These results confirm that the effects of atmospheric circulation patterns on morado growth in the study area are probably an indirect expression of their effects on local precipitation conditions and drought regimes.
Additionally, there are many conditions affecting not only the formation (growth activation) of rings but also their width. The ring-width series also reflect a complex set of variations in tree growth affected by a wide range of nonclimatic factors (Brookhouse 2006) . For example, light availability is one of the most important factors for growth and establishment of many tree species in the dry forest of Chiquitanía, where most species are codominant in relation to the position of the tree canopy (Killeen et al. 1998) . Therefore, the codominant nature of morado in the Chiquitano forest may explain certain periods of negative correlation between ring width and climate. Another factor related to morado-treegrowth is the presence of lianas (Putz 1991) . It was found that tropical dry forests in Bolivia have about 75% and 77% infestation of lianas (Carse et al. 2000; Uslar et al. 2003) , which was confirmed in a further regional comparative analysis, with 50%-80% of liana infestation in dry forests and percentages below 50% in tropical rainforests in northern Bolivia (Toledo et al. 2008) . In addition to this, recent studies in South America have found that the presence of lianas has increased because of climate change (Phillips et al. 2002; van der Heijden and Phillips 2009) . Despite the possible effect of insolation, lianas, and competition on growth, rainfall has been found to be a very important factor in most cases. Toledo et al. (2011) concluded that climate and water availability are strong factors that determine variations in growth rates in different types of forests in Bolivia. According to Markesteijn et al. (2010) , the surface of the dry forest soil is drier than deeper layers during the dry season, being opposite in the wet season. In addition, climatic and edaphic factors are correlated and species can coexist in areas with topographical differences, drawing water from different soil layers and/or doing so in different seasons.
Regarding the estimation of MLD, several authors have found that the diameter is a poor indicator of tree age (Harper 1977; Sarukhan et al. 1984; Stahle et al. 1999) . Some studies have used radial-growth averages to eliminate bias caused by age-related long-term size and variations of shortterm growth caused by climate (Nowacki and Abrams 1997) , but for growth-rate analysis purposes, the use of the mean or median tends to overestimate the age of trees (Brienen and Zuidema 2006a) . It has been estimated that M. scleroxylon has a general average diameter increment of 2.86 mm year 21 (Dauber et al. 2003) , and according to the results obtained, the species had an annual increase of 1.43 mm year 21 with high variations in growth during the period 1913-2009, which are probably caused mostly by variations in climate (rainfall and temperature). A similar result, using tree-ring analysis, was found in C. microchaete (Ló pez and Villalba 2011) for the Chiquitanía region (Concepció n), with an average annual increase of 1.80 mm year
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. That raises concern about the general overestimation of species growth rates in the dry forest in the Bolivian Forestry Law and its consequence for management.
Our results provide interesting insight into the radial growth of morado in the Chiquitania region with important implications for timber management ( Figure 4D ). The growth rate was quite slow in trees studied, which makes us question the MLD recommended for this species. The minimum harvestable size of morado in Chiquitano forests is 40-cm diameter at breast height (DBH) with a minimum cutting cycle (20 years) recommended by the Technical Standards of the Forestry Act No. 1700 in Bolivia (MDSP 1998). The power functions to the cumulative diameters indicate that on average it will take an estimated 122 years beyond the suffrutex stage to achieve this harvestable size for the ten sampled morado trees. These results suggest that the arbitrary 40-cm DBH minimum size requires a long rotation period but bears little relation to the age structure or stand dynamics of forests in Santa Cruz Region (Brienen and Zuidema 2006b; Ló pez et al. 2013) . There is also an appreciable variability in the growth rate of sampled trees, but based on our results the optimal period to harvest the trees is at the peak of the current volume increment, when morado trees have a biological rotation age greater than 140 years (Schö ngart et al. 2007; Ló pez et al. 2013) . Tree diameter at the maximum current volume increment seems to indicate the preferred time for logging. In this species, based on the diameter growth model ( Figure 4D ), this corresponds to a DBH of 50 cm, which seems to be an appropriate MLD (Stahle et al. 1999; Brienen and Zuidema 2006b ). The cutting cycle, calculated from the mean passage of time through 10 cm DBH classes until the tree reaches the MLD of 50 cm ( Figure 4D) , is approximately 40 years depending on each individual tree (Brienen and Zuidema 2006a, 2006b; Ló pez et al. 2012 Ló pez et al. , 2013 .
Furthermore, it is noteworthy that the productivity of seeds in M. scleroxylon remains high in trees of 100-cm DBH (Soriano 2005) . Both seed productivity and positive growth in diameters greater than 40 cm indicate that a greater MLD should be considered in forest management plans for this species. Similar results have been found in Amburana cearensis, Anadenanthera colubrina, Platimiscium ulei, Ficus boliviana, Hymenaea courbaril and Cedrela fissilis in the Chiquitano and Guarayos regions, respectively (Ló pez et al. 2012 (Ló pez et al. , 2013 . However, silvicultural treatment applications and pith rot in trees should also be reviewed before determining the MLD. Our results suggest that careful studies of tree age, size, and environmental conditions could produce useful volume and yield tables for the species' ecological settings, and may lead to improved management of this important species. It should be noted that the results of this study are based on the mean diameters of the samples of different sizes, without pith dating because of rot area observed in many of the M. scleroxylon trees in this study (60% of samples), but can be useful to provide an idea of morado growth and behavior.
CONCLUSIONS
In southeastern Chiquitano forests, annual temperature has increased and the rainfall in the rainy season has decreased during the 20 th Century, leading to a long-term reduction in water availability, which is expressed in tree-ring width related to radial growth. Because of the seasonality of the study area, in which leaf senescence and growth significantly correlate with rainfall, the rings of M. scleroxylon are considered to form annually. Rainfall was the most influential climatic variable on radial growth, confirming that water availability is a limiting factor for this growth. We found a significant positive correlation between rainfall and growth during January of the previous year and December, January and February of the year of ring formation, which corresponds to the rainy season. Moreover, temperature had a negatively correlation for those months, which seems consistent with the growth inhibition associated with drought stress and atmospheric pressure indexes such as SOI. El Niñ o-Southern Oscillation (ENSO) also showed a positive correlation with the chronology constructed, which was also positively correlated with SOI indices but negatively correlated with El Niñ o 3.4 and El Niñ o 1.2 throughout the growing season. However, despite the significant correlation of these variables, there are periods still seemingly affected by other factors such as light availability, competition and lianas, which requires a more comprehensive analysis on the effect of ENSO on M. scleroxylon growth.
In addition, wedging rings, false rings and lenses in morado seem to be the result of climatic and non-climatic variables, which were a challenge for the identification and measurement of morado tree rings. To resolve these problems, alternative techniques were used, such as immersion of the discs in sodium hypochlorite. Based on the available data, the number of samples taken and the variety of selected sizes, we suggest that growth and diameter increment of morado remain positive in trees older than 140 years and MLD around 50 cm, but with low growth rates in small-diameter trees. Therefore, despite the limited number of samples analyzed, our findings indicate an optimal cutting cycle higher than 40 years. To improve this understanding, future studies should include phenological analysis and repeated sampling of cambial activity and xylem formation in morado.
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